Seismic attenuation, generally related to the presence of hydrocarbon accumulation, fluid-saturated fractures, and rugosity, is extremely useful for reservoir characterization. The classic constant attenuation estimation model, focusing on intrinsic attenuation, detects the seismic energy loss because of the presence of hydrocarbons, but it works poorly when spectral anomalies exist, due to rugosity, fractures, thin layers, and so on. Instead of trying to adjust the constant attenuation model to such phenomena, we have evaluated a suite of seismic spectral attenuation attributes to quantify the apparent attenuation responses. We have applied these attributes to a conventional and an unconventional reservoir, and we found that those seismic attenuation attributes were effective and robust for seismic interpretation. Specifically, the spectral bandwidth attribute correlated with the production of a gas sand in the Anadarko Basin, whereas the spectral slope of high frequencies attribute correlated with the production in the Barnett Shale of the Fort Worth Basin.
Introduction
Seismic attenuation can be reduced to a simple concept: when a seismic wave moves through a body of rock in the subsurface, higher frequencies of an incident seismic wave will attenuate faster than will lower frequencies, showing a net loss of energy (Raikes and White, 1984) . Extensive work has been done to measure energy attenuation in rocks under a variety of conditions. Some studies (Knight et al., 2010; Parra et al., 2014; Piane et al., 2014) show attenuation varying in response to changes in water saturation, clay content, porosity, pore geometry, permeability, microfracturing, and pressure. Seismic attenuation can be a powerful tool in indicating lithology, pore structure, fractures, and fluid content (Klimentos, 1995) . For example, attenuation can be 10 times more sensitive to changes in saturation or pore pressure than velocity (Clark et al., 2009 ). In addition, Castagna et al. (2003) and others provide case studies indicating that the presence of known overlying hydrocarbons gives rise to deeper low-frequency "shadows." For resource plays, if attenuation arises from intercrack flows (i.e., flow though aligned flow conduits between parallel fractures), then attenuation anisotropy may be related to the anisotropy of horizontal permeability (Lynn, 2004a) . Lynn (2004b) hypothesizes that one can estimate open fractures by measuring Q (1/attenuation). Gao (2013) shows how the spectral response can change with offset and azimuth for rugose surfaces. Cho et al. (2013) find anomalous spectral response after hydraulic fracturing.
Robust attenuation measures from seismic data have a great potential for reservoir characterization and direct detection of hydrocarbons, especially natural gas. Studies show that attenuation is frequency selective with seismic energy loss typically occurring in the high-frequency end of the spectrum. Such behavior suggests that signal processing algorithms targeting anomalous high-frequency energy may provide accurate attenuation measures. Conventionally, energy loss is represented by the quality (Q) factor. However, despite different authors having used the identical name, Q-value computation in different contexts is not the same (Morozov and Ahmadi, 2015) . Attenuation estimation of a given type should imply a specific energy loss mechanism. But, several attenuation estimation methods only measure the apparent attenuation without classifying its type (Quan and Harris, 1997; Zhang and Ulrych, 2002) .
In their study, O'Doherty and Anstey (1971) conclude that the apparent seismic attenuation includes intrinsic 1 The University of Oklahoma, ConocoPhillips School of Geology and Geophysics, Norman, Oklahoma, USA. E-mail: fangyu.li@ou.edu; tao-zhao@ ou.edu; kmarfurt@ou.edu. attenuation, and the interaction among multiple receivers, geometric spreading, scattering, frequency-independent transmission loss or gain, and frequencydependent thin-layer interfaces. For reflection seismic data, geometric spreading can be compensated during migration, whereas thin-layer interferences can be corrected using well logs and impedance inversion (Li et al., 2015a) . Intrinsic losses are due to conversion from mechanical to heat energy, scattering losses are due to fractures heterogeneities, and rugose surfaces are common to conventional and unconventional reservoirs. For this reason, the characterization of apparent attenuation can be beneficial for both kinds of reservoirs.
Seismic interpreters are not usually interested in the absolute attenuation value, but they are usually more interested in the relative attenuation effects between an area and its surroundings. Li et al. (2015b) propose a suite of seismic attenuation attributes that quantify the spectral changes between a shallower reference and a deeper target horizon to detect anomalous spectral energy loss. The sketches in Figure 1 summarize these seismic attenuation attributes. Simple mathematical derivations are provided in Appendices A-D.
In this paper, we evaluate seven seismic attenuation attributes for reservoir identification: energy reduction of the normalized spectra of high frequencies and full bands, spectral bandwidth, skewness, kurtosis, spectral slopes of low and high frequencies (for comparison, we also examine the central frequency shift [CFS] method [Appendix C] to produce an apparent attenuation value). We evaluate these attenuation measures for a conventional sand reservoir and an unconventional hydraulically fractured shale reservoir.
Application

A conventional reservoir -Red Fork Sandstones
The study area is in the eastern part of the Anadarko Basin, Oklahoma (Figure 2) . Pennsylvanian rocks throughout most of the Anadarko Basin are dominated by shallow-shelf marine clastics. The target is the Red Fork Sand of middle Pennsylvanian age, composed of clastic facies deposited in a deepwater (shale/silt) to shallow water fluvial-dominated environment. The Red Fork Sandstone is sandwiched between the shallower Pink Limestone and the deeper Inola Limestone. The Oswego Limestone that lies above the Pink Limestone and the Novi Limestone that lies below the Inola Limestone are prominent reflectors that can be mapped easily on seismic amplitude data and are used to generate stratal slices that approximate a fixed geologic time. The Upper Red Fork incised-valley system consists of multiple stages of inci- Figure 1 . Schematics of the proposed seismic attenuation attributes: (a) normalized reference and attenuated spectra, (b) skewness and kurtosis, overlaying their peak frequency axes, (c) spectral bandwidth, (d) spectral slopes at low and high frequencies, and (e) energy reduction in high frequencies and all frequency bands. sion and fill, resulting in a stratigraphically complex internal architecture. Figure 3a shows the time structure map of the base of channels in the Red Fork, in which the channels are clearly visible. Figure 3b shows a horizon along the Red Fork through inverted seismic impedance, in which zones of sandstone deposited in the channels exhibit lower impedance, whereas other areas and the surrounding matrix show higher impedance. Figure 4 shows the vertical seismic section along line AA′ (location displayed in Figure 3a) . The seismic amplitude is displayed in a variable area format and overlain by an instantaneous envelope in color. The Red Fork channel base is displayed as the yellow solid line. The Red Fork channel thickness varies from the location to location. In addition, the incise channels and four well locations are also denoted in the picture.
In Figure 5 , we extract the seismic trace at CDP 170 denoted by the red triangle along arbitrary line AA′ in Figure 4 and analyze its spectrum within a sliding window. We picked three positions on the selected trace and highlighted them by the red, black, and blue rectangles from Oswego, Pink Lime, and Red Fork, respectively. The amplitude spectrum plotted with the red curve corresponds to the wavelet in the red rectangle, whereas the black and blue amplitude spectra correspond to the wavelets in the black and blue rectangles. We corender all three amplitude spectra in the last subfigure of Figure 5 . Examination of the cartoons in Figure 1 suggests that we can apply seismic attenuation attributes to characterize these spectral changes. Figure 6 shows the seismic attenuation attribute values calculated between the top Pink Lime and bottom of the incised Red Fork Formation in Figure 4 . The light blue curve in Figure 6a , which is the Q estimation result based on the CFS method (Appendix C), indicates strong attenuation (1∕Q) at the locations of channels, which implies strong absorption or attenuation in the gas-bearing sandstone. However, we can also find some unphysical (negative attenuation) values on this curve, which is inconsistent with the constant attenuation model. As mentioned previously, the apparent attenuation includes not only intrinsic attenuation and scattering attenuation, but also the spectral interference that we attribute to thin layers and also changes the seismic spectra. Given this shortcoming, we compute the other seven seismic attenuation attributes: energy reduction of high frequencies, energy reduction of the full spectral band, spectral bandwidth (Figure 6a ), skewness, kurtosis, spectral slopes of low frequencies, and spectral slopes of high frequencies (Figure 6b ). From the appendices and sketches in Figure 1 , it is clear that the attributes capture different aspects of spectral changes. Almost all of the seismic attenuation attributes have higher values at the channel locations. Also, at the original negative-attenuation locations, some attributes are showing more reasonable results. Multiple seismic attenuation attributes should be analyzed together to provide better interpretation because a single attribute may be unable to lead to a conclusive result. Interpreters can analyze all the attributes and decide the best attributes that provide valuable information assisting for interpretation. Figure 7 shows maps of the eight seismic attenuation attributes along the whole Red Fork Formation. Note that almost all the attributes highlight the incised channel system, which verifies our hypothesis that sandstone would produce stronger attenuation than surrounding matrix. Most of the productive wells are located in the high-attenuation areas. Wells, which produced at high initial volumes, correspond to areas of high energy absorption at the producing horizon. It is particularly interesting to note that the spectral bandwidth attribute helps to identify the location of potential hydrocarbon in the stratigraphic trap. First, from the seismic inversion and well locations in Figure 3 , we can locate the fluvial system, and the spectral bandwidth shows the best correspondence. Second, there is an area in the south of the major channel showing low impedance in Figure 3b , which should be anomalous. The spectral bandwidth result shows low attenuation.
The southwestern area (higher impedance on Figure 3b) exhibits high attenuation and is given as strong attenuation in Figure 7a -7c. According to the interpreted horizons on Figure 4 , because the Red Fork Formation is quite thin at certain areas, the thin-bed effect would introduce spectral interferences, which damages the attribute evaluation.
An unconventional reservoir -The Barnett Shale
The Barnett Shale is one of first shale resource plays in the Fort Worth Basin (FWB), Texas (Figure 8 ), and it acts as the source rock, seal, and trap (Perez, 2009) . Completion is often more expensive than drilling the horizontal well. Ideally, operators use image logs, production logs, chemical tracers, and microseismic monitoring to determine the effectiveness of a given completion process. The survey shown in Figure 8 was acquired after hydraulic fracturing using approximately 200 vertical and 200 horizontal wells (Thompson, 2010) . Seismic data were acquired for this survey area after the wells were drilled and hydraulically fractured. In the survey area, the relatively brittle Barnett Shale reservoir falls between the more ductile Marble Falls and Viola Limestones, which form the frac barriers (Perez and Marfurt, 2014) . A thin Forestburg Limestone that acts as an imperfect frac barrier separates the reservoir into the Upper and Lower Barnett sections. Figure 9 shows the seismic data with the interpreted Upper and Lower Barnett Shale and a time structure of the top Lower Barnett Shale. Figure 10 shows the curvature attributes of the Lower Barnett Shale. Curvature maps the paleo deformation in this survey. Because the fracture scale is below the seismic resolution, curvature does not see any small-scale fractures. Curvature measures strain, which is a component of natural fracture formation, and thus zones of weakness and/or strength for subsequent stimulation. In this survey, the ridges form fracture barriers with most microseismic events occurring within structural bowls (Perez and Marfurt, 2014 ). Production appears to be compartmentalized by these ridges. Cho et al. (2013) evaluate a Canadian Shale resource play using a careful time-lapse seismic survey, and we note strong spikes in the spectra, which they attribute to the addition of discrete gas-filled fractures. For an unconventional survey, such scattering attenuation would contribute to the apparent attenuation effect. We have applied CFS method to estimate apparent attenuation values, which is shown in Figure 11a . Apparent attenuation that has high correlation with curvature attributes is shown in Figure 9 . Horizontal well paths are also shown in Figure 11 . The locations of productive wells should display high attenuation. But in some areas in which the well density is high, the attenuation attribute shows low values. In addition, note that the negative attenuation is shown in blue. Such attenuation would be unphysical for the classic constant Q model. However, the attenuation mapped here is due to increased scattering due to new, gas-filled fractures. Figure 11b -11h displays the remaining seven seismic attenuation attributes. Verma et al. (2012) evaluate total organic carbon (TOC) based on the low-density, low-velocity neural network method, shown in Figure 12a . Using a similar approach, we obtain the brittleness index (BI) map, shown in Figure 12b , which indicates the brittleness, one of the most important factors for hydraulic fracturing. And high-and low-production areas from Thompson (2010) are denoted in Figure 12 . The TOC indicates the organic material accumulation. Shales have very low permeability, and the hydrocarbons do not migrate, but they can migrate through fractures, or they can also stay in fractures. Hydrocarbon-saturated fractures would show high a TOC, but not only a gas/oil accumulation can show high TOC: Other nonproducible hydrocarbon can also show a high TOC. In addition, layers with high TOC could be ductile, which can hinder hydraulic fracturing. Thus, unconventional reservoir evaluation requires considering the TOC and BI.
From Figures 11 and 12 , we observe that there is no directly decisive relationship among production, TOC, and BI. For example, the south end of the survey shows low BI and low production, but a high TOC, while there are many horizontal wells in that area. A high TOC does not ensure high production for horizontal wells because, first, a high TOC does not equal a gas/oil reservoir; second, low brittleness is bad for hydraulic fracturing, so this area has low production. Another example is the northern high-BI area in Figure 12b . Because the seismic data are acquired after hydraulic fracturing, the high BI indicates a high-density fracture. A fracture system can produce scattering attenuation. Thus, in the attenuation attributes in Figure 11 , the northeast part of the survey usually shows high attenuation. Figure 13 displays two vertical sections of seismic impedance at different locations shown on the well location map. For BB′, most of the attributes in Figure 11 show high attenuation values and the impedance section shows two major internal layers. For CC′, most of the attributes show low attenuation (negative value) and the impedance profile shows a layering effect. Li et al. (2015a) show that thin beds can alter the seismic spectrum, which results in unreliable attenuation estimation. Considering the influences of the TOC, BI, and thin-bed tuning effect, the attenuation characterization is very complex. In actual drilling and production, there are still some more factors that should be taken into account, e.g., the stress/strain field.
The spectral slope of high frequencies is the only seismic attenuation attribute that highlights the high-TOC and high-BI areas.
Discussion
Barnes (2007) suggests that after many years of attribute development, many attributes are redundant and some are even useless. We have evaluated a suite of attenuation attributes, all of which are based on input spectral decomposition volumes. For the conventional porous gas reservoir analyzed, the classic Q model computed using the CFS algorithm provides a good discrimination between the presence and absence of gas. In contrast, the assumptions of the classic Q model are radically violated as a model for induced, gas-filled fractures of the Barnett Shale. For this situation, Q becomes an attribute, and it is no longer a rock property. However, correlation with production and microseismic measures of fractured rock indicates that it may become an important tool in estimating reservoir completion.
The proposed seismic attenuation attribute suite is not a gas indicator per se, nor does it deliver a quantitative Q value. Rather, the process detects local areas in which high-frequency energy has been rapidly lost over a target horizon, and as such it should be thought of as a qualitative way of detecting intervals of anomalous energy attenuation in the subsurface. Because numerous petrophysical mechanism causes give rise to energy attenuation, the presence of gas is only one of several possible mechanisms considered by the interpreter. Still, we have seen numerous data sets in which Figure 12 , whereas the the cyan circle highlights a low-production area with high density horizontal wells.
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absorption anomalies were coincident with gas reservoirs, and in many cases, the absorption attribute identifies the gas reservoirs in which other seismic attributes (e.g., amplitude, amplitude variation with offset [AVO]) do not (Mitchell et al., 1996) . Thus, we are encouraged to pursue seismic attenuation as a reservoir characterization attribute.
Some words of caution are appropriate: Although attenuation attributes can measure high-frequency energy loss in the data caused by the presence of gas and fractures, it can also measure nongeologic factors. Possible nongeologic seismic attenuation pitfalls include seismic acquisition (the data need to have an adequate frequency range to target the loss of high-frequency energy) and data contamination of data in seismic processing (automatic gain control, spectral whitening, deconvolution, stacking, and other processes can alter the frequency content). For these reasons, we recommend true amplitude processing common to AVO and prestack inversion analysis.
Conclusions
After describing a suite of seismic attenuation attributes, we apply them to the field data to detect hydrocarbon and evaluate the fracture system. Almost all of the attributes have a good correspondence with production. Thus, they are useful and promising for seismic interpretation and reservoir characterization. However, because different attributes measure different spectral changes, they demonstrate different aspects of seismic apparent attenuation. According to the application situations, we should adopt suitable attributes. In the future, multiattribute clusters and statistical analysis tools will be really helpful for choosing the most appropriate attribute or producing a combination of seismic attributes.
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Appendix A Apparent attenuation on the seismic spectrum
When a seismic wave propagates in a viscoelastic medium in a constant linear frequency attenuation model, the apparent Q arises by considering a traveling wave whose spectral amplitude exponentially reduces with traveltime as follows (Aki and Richards, 2002) :
where SðωÞ is the source wavelet spectrum; τ is the traveltime; and Aðω; τÞ is the received signal spectrum including all geometric spreading, source, and receiver effects.
Here, it clearly shows that the apparent Q is not related to certain specific rock properties. It is just a symbol for apparent attenuation in the frequency domain. Hence, adopting seismic attributes to characterize this effect is not inapproriate.
Appendix B The Ricker wavelet and its frequencies
We assume that the seismic signal is propagating as a Ricker wavelet, which is suitable for empirical situations. Wang (2015) discusses the frequencies of the Ricker wavelet, which inspired some of the following derivations.
The Fourier transform of the Ricker wavelet can be expressed as follows:
where ω is the angular frequency and ω m is the dominant frequency (the most energetic frequency in radians per second). This is an amplitude spectrum; hence, it is real and nonnegative. We can set the derivative of the amplitude spectrum RðωÞ to zero to get the corresponding peak frequency ω p :
This leads to ω p ¼ ω m . Replacing the SðωÞ in equation A-1 by RðωÞ in equation B-1, we can obtain the attenuated seismic spectral expression. Then, we adopt the way in equation B-2 to calculate the peak frequency after attenuation that is given as
This leads to the following equation:
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Note that when the attenuation is stronger (Q −1 is larger), the peak frequency value is smaller. By substituting the ω p ¼ ω m to equation B-1, we obtain the peak of the Ricker wavelet amplitude spectrum that is given as
In the following work, we adopt the normalized Ricker wavelet amplitude spectra. It is obtained by dividing the spectra with its maximum value to unity (Hermana et al. [2013] also adopt this way in attenuation based on the hydrocarbon prediction). The normalized Ricker wavelet amplitude spectrum is formulated as follows:
(B-6)
Appendix C
Spectral ratio method For the reference seismic signal A 0 and the attenuated seismic signal A 1 , based on equation A-1, the spectral ratio (SR) method can be represented as follows:
An estimate of Q can be derived by curve fitting within the common effective bandwidth of the two spectra using the least-squares method. An effective bandwidth should be chosen to avoid high-frequency fluctuation caused by additive noise or numerical errors brought by finite precision. Quan and Harris (1997) propose the CFS method by correlating Q with the changes in the centroid frequency of the seismic signal. The centroid frequencies of reference and attenuated seismic signals are denoted by f c 0 and f c 1 , and assuming that jAðf Þj is of Gaussian shape, Q can be quantified by
CFS method
where σ
is the spectrum variance of A 0 , which is defined by the following equation:
As an alternate Q estimation method of SR methods, CFS method is a milestone for frequency-shift methods. It is quite robust because the estimation of the centroid frequency is not as sensitive as the SR method to noise. However, we notice that the preconditions of the CFS method are the Gaussian shape of the seismic spectrum and the unchanged spectrum variance. However, the seismic spectrum is usually a non-Gaussian distribution and the attenuation effect would certainly change the spectrum variance, which brings inaccuracies to this method.
Appendix D Seismic attenuation attributes
Our objective is to propose attributes to measure the spectral changes caused by attenuation. We assume that the decrease in peak frequency is the main change, and after attenuation, the seismic spectrum is still a Ricker wavelet spectrum. We set the reference spectrum without attenuation to R 0 ðωÞ with peak frequency ω m0 . The received attenuated spectrum is R 1 ðωÞ with peak frequency ω m1 . According to equation B-4, ω m1 should be smaller than ω m0 , and the difference between the reference and received peak frequencies shows the attenuation strength: The larger is the difference, the stronger is the attenuation.
Higher order statistics
As is known, the amplitude spectrum of the Ricker wavelet is the Gaussian distribution multiplied by a factor ω −2 , and thus it is asymmetric and un-Gaussian in the frequency domain. In mathematics, we would usually use higher order statistics to quantify the shape (McGrew and Monroe, 2009 ). Here, we use skewness (third-order moment) and kurtosis (fourth-order moment) to measure the spectra's shapes as follows:
Note the lower peak frequency, larger skewness, and larger kurtosis. Hence, we can measure their changes to estimate the relative attenuation.
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Spectral bandwidth
The frequency bandwidth is defined by the frequency components spreading at some proportion of the spectrum peak (maximum value). Here, we set the frequency band to be measured at αðα < 1Þ of the peak, which is one in the normalized spectrum; hence, we get the following:
which leads to the following inverse exponential equation: -4) with an analytical solution expressed in terms of the Lambert W function:
The solution of an inverse exponential equation z expðzÞ ¼ x is z ¼ W ðxÞ, where W ðxÞ is the Lambert W function, displayed in Figure D-1 . Then, the frequency band ½ω low ; ω high is given by the following equation:
The spectral bandwidth is given as follows:
The variable α is fixed in each situation; hence, the bandwidth in frequency domain is only related to the peak frequency. Thus, after attenuation, the peak frequency will be lower and the spectral bandwidth will be narrower.
Spectral slopes
We compute the expressions of spectral slope averages of low frequencies (from βω m to ω m , β < 1) and high frequencies (from ω m to σω m , σ > 1), respectively, Both of the slopes have a format of Lambert function in Figure 11 ; therefore, we can estimate their values. The peak frequency and low-frequency slope have an inverse relationship. A decrease in the peak frequency will indicate an increase in the low-frequency slope. The low-frequency slope is always positive, and the high-frequency slopes are always negative. The decrease in peak frequency causes the high-frequency slope to become more negative but with a larger absolute value.
Energy reduction
Let us compute the energy difference between the normalized reference and received spectra on the whole band from zero to infinity as follows: 
